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Abstract 

The measurement of observable electromagnetic phenomena in materials and their derived 
intrinsic electrical material properties are of prime importance in the discovery and development 
of material systems for electronic and aerospace applications. Nanocomposite materials 
comprised of metal decorated multi-walled carbon nano tubes (MWCNTs) were prepared by a 
facile method and characterized. Metal particles such as silver(Ag), platinum(Pt) and 
palladium(Pd) with diameters ranging from less than 5 to over 50 nanometers were distributed 
randomly on the MWCNTs. The present study is focused on silver decorated MWCNTs 
dispersed in a polyimide matrix. The Ag-containing MWCNTs were melt mixed into Ultem™ 
and the mixture extruded as ribbons. The extruded ribbons exhibited a moderate to high degree 
of MWCNT alignment as determined by HRSEM. These ribbons were then fabricated into test 
specimens while maintaining MWCNT alignment and subsequently characterized for electrical 
and electromagnetic properties at 8-12 GHz. The results of the electromagnetic characterization 
showed that certain sample configurations exhibited a decoupling of the permittivity (s’) and loss 
factor (s”) indicating that these properties could be tailored within certain limits. The decoupling 
and independent control of these fundamental electrical material parameters offers a new class of 
materials with potential applications in electronics, microwave engineering and optics. 
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1. INTRODUCTION 


Tunable and tailorable dielectric materials are critical technologies necessary to meet and 
advance science and engineering goals important in many commercial, industry, and government 
technology development programs. With growing technology and application possibilities there 
has been considerable research and progress in materials development. Unfortunately tunable 
and tailorable materials to date have been limited in bandwidth and suffer unacceptably high 
losses. 

An ideal semiconducting material should have a relatively high electrical pennittivity, good 
thermodynamic stability, high interface quality, and optimal process compatibility. Of these 
characteristics, electrical permittivity is of particular importance in the design of capacitors and 
other electronic components and devices. The electrical permittivity of any substance is a 
property that is intrinsic to the material itself, and is independent of the thickness of the material. 
In general terms, electrical pennittivity describes the manner in which a particular dielectric 
material affects an incident electric field [1]. The electrical permittivity of a given dielectric 
material is often expressed via the dielectric’s complex electrical permittivity (s), a term 
containing both an energy storage term (s’) which is ideally maximized, and an electrical loss 
term (s”), i.e., the loss factor, which is ideally minimized. Likewise, the electrical losses can be 
expressed as the tangent of the dielectric loss angle (8), i.e., the loss tangent. A material’s loss 
factor (e”) is the product of its loss tangent and known dielectric constant (s r ), and therefore the 
loss factor (s”) and the loss tangent (tan 8) are interrelated characteristics. In most naturally- 
occurring materials, an increasing value for the energy storage term (s’) coincides with an 
increase in the value of the loss factor (e”), thus resulting in a linked or coupled relationship. An 
ideal dielectric would therefore have a relatively high energy storage value accompanied by 
minimal electrical losses. However, in most naturally-occurring dielectrics a relatively high 
energy storage value typically coincides with relatively high electrical losses, which can 
potentially render an otherwise satisfactory dielectric less than optimal when it is used for certain 
purposes or applications [2], 

Recently our group has developed a facile, solventless method for the decoration of multi-walled 
carbon nanotubes (MWCNTs) with metal nanoparticles [3, 4]. The straightforward two-step 
process utilizes neither reducing agents nor electric current and involves the dry mixing of a 
precursor metal salt (e.g. a metal acetate) with carbon nanotubes (single- or multi-walled) 
followed by heating in an inert atmosphere. The procedure is scalable to multi-gram quantities 
and generally applicable to various carbon substrates (e.g. carbon nanofiber, expanded graphite, 
and carbon black) and many metal salts (e.g. Ag, Au, Co, Ni, Pt and Pd acetates). There are also 
several wet methods available for depositing metal nanoparticles onto MWCNTs that have been 
discussed in [4], 

The preparation and characterization of metal decorated MWCNTs has led to a significant 
breakthrough in the area of tailorable dielectric materials. The novel materials consist of aligned 
MWCNTs decorated with metal particles of nanometer dimensions distributed in a polymer 
matrix. It was noted that with the preferential alignment of MWCNTs in a polymer matrix and 
the inclusion of Ag nanoparticles, a decoupling of s’ in relation to s” and loss tan 8 occurred [5]. 
In addition, the disconnection between the dielectric and the loss factor were found to be 



controlled by varying the amount of Ag particles that were attached to the MWCNT surface. The 
decoupling and independent control of these fundamental electrical material parameters offer a 
class of materials useful in a variety of applications in electronics, electromagnetics, and 
microwave engineering with potential future applications into the optical frequency regime [6-8]. 

These novel materials offers product designers the ability to develop new applications including 
new low-mass ultra-thin microstrip antennas with enhanced performance characteristics, very 
thin low profile substrates for Radio Frequency Identification (RFID) antennas, higher capacity 
low volume capacitors, High-Q dielectric resonators used in high frequency oscillators and 
filters, dielectric substrates for high frequency electronics, new anode/cathode materials for 
efficient low resistance low-loss battery components, membrane electrode assemblies, fuel cell 
components, components of various multifunctional material systems such as substrates for 
integrated sensors or solar cells, and particularly as potential materials for High-K gate 
dielectrics in Complementary Metal-Oxide-Semiconductor (CMOS) technology [9], 

2. EXPERIMENTAL 

2.1. Ag/MWCNT Synthesis and Characterization 

The general procedure for preparing Ag-decorated MWCNTs involves heating a mixture of 
MWCNTs and Ag salt in a nitrogen oven at the decomposition temperature of the Ag salt for 3-5 
hours. Details of this method have been described in a US Patent Publication [3], Three samples 
were prepared - the first one where the theoretical amount of metallic Ag after decomposition of 
the acetate salt was 9% by weight, the second one where it was 23% by weight and the third one 
where it was 33% by weight. Table 1 denotes the various samples that were prepared and 
henceforth sample key codes will be used throughout the paper. To detennine the distribution of 
the metal particles on the nanotubes, high resolution scanning electron microscopy (HRSEM) 
images were obtained using a Hitachi S-5200 field emission scanning electron microscope (FE- 
SEM) equipped with a through the lens (TTL) electron detector and an Energy Dispersive 
Spectroscopy (EDS) detector (ED AX, Mahwah, New Jersey). X-ray diffraction (XRD) analyses 
were performed on Siemens D5000 X-ray diffractometer or Scintag XDS-2000 Powder 
Diffraction System, both with Cu Ka as the radiation sources (/. = 1 .54 1 8 A). 

2.2 Materials Processing 

To determine the effect of Ag/MWCNT alignments on the electric field and the electromagnetic 
properties, Ag/MWCNT/polymer samples were prepared as described below. 

2.2.1. Parallel Alignment to flow direction 

The MWCNT/Ag samples prepared as described above were melt-mixed at a loading level of 20 
wt% with Ultem™ 1000 (GE Plastics) in a Brabender Plasticorder PL 2000 (30 cc capacity) at a 
temperature of 325 °C and 25 rpm for 3 hours. The torque values obtained during mixing in the 
Plasticorder were used to calculate the melt viscosities of the samples to detennine if the 
materials can be extruded. Upon completion of mixing the material was ground in a Mini- 
Granulator (Kayeness, Inc) using a 5.5 mm screen and then extruded through a Laboratory 
Mixing Extruder (LME, Dynisco, Inc) at a barrel temperature of 170 °C and a die temperature of 
350 °C. The dimensions of the die were 0.38 mm x 19.1 mm. The primary purpose of extrusion 
was to align the Ag-decorated MWCNTs in the direction of flow. 



2.2.2. Perpendicular Alignment to flow direction 

Once extruded, the ribbons were cut into pieces approximately 2 cm x 2 cm. They were then 
stacked on one side of a 9 cm x 2 cm x 3 cm (i.d.) mold and the remainder of the mold filled with 
Ultem™ 1000 pellets. The stacked ribbons were compression molded at 270 °C, 1.72 MPa, for 3 
hours. The molded samples were sliced using an Isomet low speed saw with a diamond wafering 
blade 10.2 cm diameter and 0.3 mm thick with 15 HC diamond (Buehler Ltd). 

2.3. Electromagnetic Characterization 

A HP 85 10C Vector Network Analyzer (VNA) was used to measure the scattering parameters of 
the baseline polymer material matrix and the aligned MWCNTs at microwave frequencies. 
Energy from the VNA was generated by an RF source and directed from the test port through an 
X-band (8.2-12.4 GHz) waveguide and into target sample test materials. The magnitude and 
phase response of the material under test (MUT) to the incident stimulus of microwave energy 
was measured and recorded. The observable phenomena known as scattering parameters 
included Si i, the forward reflection coefficient; S 21 , the forward transmission coefficient; S 22 , the 
reverse reflection coefficient; and S 12 , the reverse transmission coefficient, as measured in 
decibels. From these quantities the dielectric properties were calculated using a data acquisition 
computer and the HP 8507 IE Materials Measurement software. The various material parameters 
such as the real and imaginary parts of permittivity (s' and s", respectively) and the loss tangent 
(tan 8) were plotted as a function of frequency. 

2.3.1 Sample Preparation for Electronics Characterization 

The MWCNT/Ag polymer ribbon samples were cut and stacked to fit a waveguide sample holder 
corresponding to the test frequency band of interest. The thickness of any given sample was 
appropriate for the selected test frequency to allow for sufficient phase discrimination by the 
VNA. 

2.3.2 Waveguide Test Fixture 

An optical breadboard test fixture and positioner with mounted waveguide apparatus was used. 
This fixture allows for the waveguide to be opened and closed many times in a highly repeatable 
manner. The port 1 side of the waveguide, along with its attached transmission line, was fixed in 
place. The port 2 side of the waveguide was allowed, by means of a slide positioner, to 
accommodate a sample and then close in precisely at the same place where it had been during the 
calibration sequence. The phase stable cable attached to the movable side of the waveguide was 
disturbed as little as possible since gross cable movements can produce measurable differences 
in the results. 

2.3.3 Calibration 

Prior to conducting material measurements, a “Full 2-Port” VNA calibration was perfonned. The 
calibration corrects for systematic measurement errors inherent to the instrument by referencing 
known boundary conditions [10]. 

2.4. Electrical and magnetoresistance measurements 

Electrical resistance measurements were conducted on extruded samples of 
Ultem™/MWCNT/Ag composites as a function of temperature at a zero magnetic field, and as a 



function of magnetic field at constant temperatures. Similar to the 4-point resistance 
measurement, four electrical leads were attached onto the sample surface using silver paint. 
Separation of the neighboring electrodes was between 1 and 2 mm, and the length of the 
electrodes was 5-6 mm. The studied sample was placed in the cryostat where the temperature of 
the sample could be varied from room temperature to 3 K and a magnetic field (H) could be 
applied in parallel to the sample surface. For the magnetoresistance measurement, the sample 
temperature was set at a pre-determined value while magnetic field scanned from 5 to -5 Teslas 
and from -5 to 5 Teslas. A full cycle magnetic scan provided the opportunity to check on the 
possible existence of hysteresis as well as the consistency of measured results. 
Magnetoresistance was calculated using the R(H)/R(0) - 1, where R(0) is the electrical resistance 
at zero magnetic field and H is the magnetic field strength. Results of the resistance 
measurements included those of voltages applied parallel and perpendicular to the axial direction 
of MWCNTs. Curves of surface resistivity of the conducting samples as a function of 
temperature for both directions of the applied voltages were plotted. I-V curves (current vs. 
voltage) were obtained by measuring the current as voltage is scanned from negative to positive 
values. Differential resistance/conductance can thus be calculated and plotted against applied 
voltage [11]. Samples for the measurements were polyimide composites loaded with bare 
MWCNTs, and Ag/MWCNTs. The measured samples were cut from extruded ribbons and have 
the typical size of 17 mm x 7 mm x 0.3 mm. 

3. RESULTS AND DISCUSSION 


3.1 Sample characterization 

Figure 1 shows the HRSEM images of neat MWCNTs (la) and Ag-1 samples. As evident from 
the images, Ag particles can be seen attached to the nano tubes. At higher magnification it was 
seen that these particles are between 40 and 60 nm in size. EDS was carried out on the Ag-1 
samples that proved the presence of Ag particles on the MWCNTs. The samples were mounted 
on an aluminum stub using gold paste. Fig Id shows the spectrum that was obtained. The Fe 
peak is from the catalyst in the MWCNTs and the A1 and Au peaks are from the stub and the 
paste, respectively. 

XRD investigations confirmed the 0-valence nature of the Ag nanoparticles. As shown in Figure 
2, the XRD spectrum of both Ag-1 and Ag-2 exhibited the signature peaks of Ag metal at 38.0°, 
44.2°, 64.3°, and 77.2°, corresponding to the (1 1 1), (200), (220), and (311) crystal planes of Ag°, 
respectively. The lack of any remaining acetate diffraction patterns in the spectrum of the final 
mixture also suggests that the salt-to-metal conversion was essentially complete. 

Figure 3 shows the HRSEM images of the Ag/MWCNTs after melt mixing with Ultem™ and 
extrusion of the mixture. It can be observed that the MWCNTs are predominantly oriented in the 
direction of extrusion (denoted by the arrow). However, the Ag particles that had been clearly 
visible in the neat MWCNTs are not visible now. It might be a possibility that the particles (and 
the nanotubes) are now coated with layers of polymer as a result of processing. In order to check 
the presence of Ag in the sample, EDS was carried out on the Ag-1 samples. Fig 4 shows the 
spectrum of the sample. As evident from the element peaks in the spectrum, there is a significant 
amount of Ag in the Ultem™/MWCNT sample. 



3.2 Electrical resistance 

Electrical resistivity of the samples was found to vary with the percentage of Ag in a quite 
dramatic way. The 20 wt% MWCNT (without Ag) samples had the lowest resistivity among the 
samples measured. At room temperature, it was in the range of 70 -200 ohm/mm 2 depending on 
the orientation of applied voltage to the axial direction of MWCNTs. Higher resistance was 
observed when the applied voltage was perpendicular to the MWCNT alignment. 

The Ag-1 samples had a resistivity of 250-350 ohm/mm . The Ag-3 samples had a resistivity 
close to 1x10 s ohm/mm 2 and exhibited the least anisotropy. The Ag-2 samples were categorized 
as insulators. With 20 dc Volts applied, currents in the Ag-2 samples were unstable and in the 
pico-ampere range. Figure 5 exhibits the curves of surface resistivity of the conducting samples 
as a function of temperature for both directions of the applied voltages. As observed, the 
resistance had a relatively pronounced increase at low temperatures for all the samples. The 
increases were slightly larger when voltages were applied in the parallel direction. The Ag-1 
samples have higher resistance than the 20 wt% MWCNT composites. The higher resistance was 
most likely due to the less loading of MWCNTs in the Ag/MWCNT-Ultem™ mixture. The 9 
wt% Ag could not sufficiently compensate for the loss of current conduction because of a lesser 
amount of CNTs, however, it seemed to improve the conduction between CNTs, as it was 
revealed by the decrease in anisotropy of resistivity. Furthermore, resistance data of the 20 wt% 
MWCNT and Ag-1 samples could be fitted with the curves of Exp(C/T) (where C is a MWCNT 
loading dependent constant) from room temperature to 5 K, and that of the Ag-3 samples from 
200 K to 5 K. The exponential proportion to 1/T could be an indication of currents being 
conducted via a tunneling mechanism. Figure 6 shows the temperature dependent variations of 
currents for the same set of samples. For comparison, the currents were nonnalized to their 
respective magnitude at 100 K. It could be observed that, instead of increasing with temperature 
as those of 20% MWCNT and Ag-1 composites, currents in the samples of Ag-3 composites 
decreased with increasing temperature at temperatures above 200 K, for both orientations of the 
applied voltages. The decrease in current with increasing temperature was a metal-like behavior 
and implied that, at high temperatures, substantial portion of currents were conducted through 
the Ag components in the composites and it was also indicated by the data of differential 
conductance. However, at low temperatures, conduction through CNTs and tunneling through 
the contacts of CNTs were the predominant mechanisms for transporting the electrons. 

Regarding the insulation of Ag-2, it may be that the 23 wt% of Ag had a large enough mass to 
enhance potential barriers for preventing electrons from tunneling between CNTs, but it was 
under the threshold for electrons to find a conduction network for percolating. 

3.3 Magnetoresistance 

Figure 7 displays the magnetoresistance as a function of magnetic field at temperatures of 3, 5, 
10, 20, 50, 100, and 200 K for the composite sample of 20 wt% MWCNT in Ultem™. Voltage 
was applied in the direction perpendicular to the axial direction of the MWCNTs. As seen from 
the figure, the magnetoresistance of the composite was negative and decreased monotonically 
with the increasing magnitude of magnetic field. Also, the magnetoresistance was enhanced in 
magnitude at low temperatures. No magnetic hysteresis was observed and Figure 7 exhibits the 
typical magnetoresistance behavior of MWCNT-polymer composites, including conducting 
samples loaded with MWCNT/Ag. Different weight percentages of Ag on the MWCNTs 



affected the magnetoresistance quantitatively. For samples with same loading of MWCNTs, 
voltage applied in perpendicular direction had a larger response to the applied magnetic field as 
compared with those in the parallel direction. 

I-V curves (current vs. voltage) were obtained by measuring the current when the voltage was 
scanned from negative to positive values. Differential resistance/conductance could thus be 
calculated and plotted against the applied voltage. For the samples of 20 wt% MWCNT and Ag- 
1 composites, differential conductance increased with voltages at temperatures lower than 100 K 
and remained constant at temperatures 100 K and above. For the Ag-3 composites, the 
differential conductance increased with voltages at all temperatures and showed slope changes at 
higher voltages. Figure 8 compares the nonnalized differential conductance of the Ag-1 samples 
when voltage was applied in parallel to the MWCNTs at a temperature of 3 K with those when 
the voltage applied was in the perpendicular direction. The differential conductance (dl/dV) was 
nonnalized to its value at 0 voltages. A dip on the curve at low voltages (|V|< 0.2V) was 
considered as a suppression of conductance and was even more pronounced for the perpendicular 
direction. The dip was attributed to the strong electron-electron (e-e) interaction in and between 
the MWCNTs. With the strong e-e interaction, a coulomb gap may be opened and electron 
motion was via the hopping mechanism. These dips did not show up at high temperatures for 
both directions. The suppression of conductance was also observed for the 20 wt% MWCNT 
composites but not for the Ag-3 composites. 

As mentioned previously, there was enough Ag in the Ag-3 samples to provide additional paths 
for the electron transport. The differential conductance of the Ag-3 samples displayed in Figure 9 
had slope changes for both directions of the applied voltages. The changes in slope may be an 
indication of the change in preferred current paths. As observed at low voltages, the currents 
were mainly conducting through the MWCNTs, as those in the samples of 20 wt% MWCNTs 
and Ag-1 composites. At higher voltages, the currents had more conducting paths through the 
silver. The slope change of differential conductance vs. voltage was observed at temperatures up 
to 300 K. 

3.4 Electromagnetic Properties 

The materials used for testing comprise of extruded samples of MWCNTs, decorated with and 
without Ag particles, dispersed in an Ultem 1000™ matrix and have a preferential or 
predetermined alignment with respect to an orientation of an electrical field that is incident to the 
length-wise axis or orientation of the tubes. This predetermined alignment of the network can be 
horizontal, vertical or longitudinal. 

In the horizontal alignment, [Figure 10(a)], the CNTs were horizontally aligned with respect to 
the orientation of the electrical field (arrow E). Incidental energy (propagating in the direction k) 
entered the dielectric through the first port (Port 1), with some portion of the incident energy 
(flowing in the direction k) being reflected as represented by the arrow R. Transmitted energy 
(arrow T) exited the dielectric through a second port (Port 2). Energy was also attenuated (A not 
shown) within the material, thus reducing the magnitude and altering the phase of the transmitted 
energy. By means of a law of conservation the reflected energy (R) + transmitted energy (T) + 
attenuated energy (A) must equal the total energy. From this conservation relationship the 
electrical dissipation or loss within the dielectric was detennined [12, 13]. The values reported 



were the data obtained at 10 GHz. As seen from Figure 10(b), the magnitude of the energy 
storage tenn (s’) was at an observed minimum in the neat polymer. As the loading level of 
CNTs was increased to 5 wt%, the magnitude of s’ more than doubled, increasing yet again by 
approximately 50% as the loading percentage increased to 10 wt%. At 20 wt% loading of the 
CNTs, the magnitude of s’ increased to a peak magnitude with a very rapid increase of 
pennittivity between these two loading levels. However, this potentially desirable increase in s’ 
came with a tradeoff in the form of substantially higher losses in the dielectric. At this loading 
level, the metalized samples were tested. The magnitude of s’ was clearly reduced by the 
presence of the Ag nanoparticles. However, for the Ag-1 samples, the magnitude of s’ remained 
relatively high compared to the 0, 5, and 10 wt% samples. For Ag-2 samples, the magnitude of 
s’ was approximately equal to that of the 5 wt% MWCNTs. A similar pattern was observed in 
case of the loss factor (s”) that was clearly reduced by the introduction of the Ag nanoparticles. 
In Ag-1, s” was reduced by approximately 75%, with an approximate 30% reduction in the 
magnitude of the s’. For Ag-2 s” was effectively reduced to zero. Therefore, by varying the 
loading percentages of the Ag in the MWCNTs, the loss factor was minimized without unduly 
minimizing the value of the energy storage term. The magnitude of the loss tangent (tan 5) was 
also plotted against the material loading % and the values increased sharply when the loading 
level of MWCNTs was increased from 10 to 20 wt%. Upon addition of Ag into a horizontally- 
aligned network, the magnitude of the loss tangent was reduced by approximately 70% in Ag-1 
samples. For Ag-2, tan 5 was effectively reduced to zero, albeit with some additional but 
minimal reduction in the magnitude of s’. 

Figure 11(a) denotes a similar experimental set-up as Figure 10 (a) with the exception of the 
orientation of the MWCNT network being generally vertical. As with Figure 10 (b), Figure 11 
(b) shows that the magnitude of s’ increased or spiked dramatically as the loading percentage of 
the CNTs increased from 10 to 20 wt%. For Ag-1, this magnitude decreased somewhat but 
remained substantially higher than that exhibited during horizontal alignment. Additional 
loading of Ag (Ag-2) was observed to have a negligible effect on the magnitude of the energy 
storage value, s” increased dramatically when the loading of MWCNTs was increased from 10 
to 20 wt%. However, s” was substantially reduced with the introduction of Ag in Ag-1. In the 
exemplary data of Figure 1 1(b), an approximately 90% reduction in the value of s” was observed 
which corresponded to a substantially lower reduction in the magnitude of the s’. Likewise, an 
approximately 90% reduction in the loss tangent was observed between a peak value at 20 wt% 
MWCNT loading and Ag-1. Additional Ag loading had a negligible effect on s” and tan 5. 

Based on the data shown in Figures 10 and 1 1, it can be concluded that the MWCNT/Ag samples 
demonstrate a unique ability to “decouple” the energy storage term or value, i.e., the s’ factor, of 
a given material’s electrical permittivity from the materials’ electrical loss term or s” factor when 
oriented or aligned in a preferential or predetermined manner. The s’ and s” of these materials 
could be effectively decoupled from each other and independently controlled or modified by 
varying the preferred alignment of the network and/or the loading percentage of the 
nanoparticles, and/or by varying the size and/or distribution of the metal-based nanoparticles so 
as to enable a class of engineered dielectric materials that could be useful in a host of 
applications [14, 15]. Such applications can include, but are not limited to, a potential material 
for use in Complementary Metal-Oxide-Semiconductor (CMOS) technology, microwave 
engineering applications, RF communications and controls, optics, etc. 



Figure 12 describes a different set of exemplary observed electrical phenomena in the aligned 
network i.e., the scatter parameters or S-Parameters. The S-parameters describe the transmission 
and reflection of high-frequency traveling waves within a transmission line in the fonn of 
reflection and transmission coefficients. The magnitudes of each of the reflection coefficients 
and transmission coefficients of the network were plotted against the material loading 
percentages. In the case of horizontal alignment [Figure 12(a)], increased MWCNT loading 
levels in the polymer matrix generally reduced the transmission coefficient while increasing the 
reflection coefficient, a potentially undesirable tradeoff. The crossover point at around 15 wt% 
indicates the point where the network connectivity achieves prominence. However, with the 
addition of the Ag nanoparticles, both the transmission coefficient and the reflection coefficient 
remained relatively unchanged. That is, the potential perfonnance benefits provided by the 
introduction of the Ag nanoparticles were not themselves adversely affected by a corresponding 
degradation in the S-parameters, which is itself a useful characteristic. For the vertical alignment 
[Figure 12(b)], increased MWCNT loading levels beyond 5% generally reduced the transmission 
coefficient while in this instance also reduced the reflection coefficient. However, with the 
addition of Ag nanoparticles, the transmission coefficient showed an upward trend, while the 
reflection coefficient showed a downward trend, again a potentially useful electrical 
phenomenon. Immediately beyond a silver loading level of 9 wt%, a crossover occurs and the 
reflection coefficient decreases indicating a decrease in electrical conductivity of the system. 
This data is synchronous with the observations in section 3.2 where the Ag-2 samples became 
insulators. 


4. SUMMARY 

A novel and solventless method was used to deposit Ag nanoparticles on MWCNTs. These were 
then compounded with a polyimide and extruded in order to preferentially align the CNTs. 
Extruded samples were subjected to a variety of electromagnetic experiments. Electrical 
resistivity of the samples was found to vary with the percentage of Ag in a quite dramatic way. It 
was observed that the currents increased with temperature in the MWCNT loaded composites as 
well as the Ag-1 composites. However, currents in the samples of Ag-3 composites decreased 
with increasing temperature at temperatures above 200 K, for both orientations of the applied 
voltages. The decrease in current with increasing temperature was a metal-like behavior and 
implied that, at high temperatures, substantial portion of currents were conducted through the Ag 
components in the composites. The data also showed differential conductance at low 
temperatures indicating that the conduction was through the CNTs via contacts and a tunneling 
mechanism. Similarly, at low voltages, the currents were mainly conducting through the 
MWCNTs, as those in the samples of 20 wt% MWCNTs and Ag-1 composites whereas, at 
higher voltages, the currents had more conducting paths through the silver. 

For the measurement of electromagnetic properties, the network of MWCNTs (with or without 
Ag) was preferentially aligned with respect to an incident electrical field. For Ag-1 and Ag-2 

samples, the electrical permittivity, s’, of the dielectric was effectively decoupled from its 

electrical loss, s”. This decoupling effect of the energy storage value from the electrical loss 

value is tailorable by varying the preferred alignment of the network and/or the loading 

percentage of the nanoparticles, and/or by varying the size and/or distribution of the metal-based 
nanoparticles. This opens up a pathway to generate a class of engineered dielectric materials that 



could be useful in a host of applications such as a potential material for use in Complementary 
Metal-Oxide-Semiconductor (CMOS) technology, microwave engineering applications, RF 
communications and controls and optics. Future studies are warranted relating the electrical 
resistivity data to the decoupling of dielectric properties. 
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5. Figures & Tables 


Table 1 


Sample name 

Sample details 

Ag-1 

9 wt% Ag attached to MWCNTs; 20 wt% of the mixture added 
to Ultem™. So in the polymer matrix, filler is theoretically 18.2 
wt% MWCNT and 1.8 wt% Ag. 

Ag-2 

23 wt% Ag attached to MWCNTs; 20 wt% of the mixture added 
to Ultem™. So in the polymer matrix, filler is theoretically 15.4 
wt% MWCNT and 4.6 wt% Ag. 

Ag-3 

33 wt% Ag attached to MWCNTs; 20 wt% of the mixture added 
to Ultem™. So in the polymer matrix, filler is theoretically 13.3 
wt% MWCNT and 6.7 wt% Ag. 
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Figure 1: HRSEM of MWCNTs with (a) neat, (b) Ag-1, (c) Ag-2 (higher magnification) (d) 

ED AX on sample 






Figure 2(a) 



Figure 2(b) 


Figure 2: XRD patterns of MWCNT/Ag mixtures of (a) Ag-1 and (b) Ag-2 






Figure 3: HRSEM of Ag-1; arrow denotes flow direction 
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Figure 4: EDS on Ag-1 
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Figure 5: Temperature dependent electrical resistivity of MWCNTs-loaded Ultem™ 
composites. Curves from bottom to top are for the resistivity of 20 wt% MWCNT sample 
when voltage applied in parallel to the axial direction of CNTs(4), in perpendicular to the 
CNTs (+), Ag-1 when voltage in parallel (a), in perpendicular (o), Ag-3 when voltage in 
parallel (■), and in perpendicular(*) respectively. Resistivity increased for all samples at 
low temperatures. 




Figure 6: Normalized currents as a function of temperature for the samples of 20 wt% 
MWCNT (curves with ♦, and + respectively), Ag-1 (A and O respectively), and Ag-3 (■ and 
* respectively) composites. Currents in Ag-3 samples decreased with increasing temperature 
at temperatures above 200 K. 



Figure 7: Magnetoresistance at various temperatures for the 20 wt% MWCNT-Ultem™ 
thick film sample. Curves shown from bottom to top are the magnetoresistance at 3, 5, 
10, 20, 50, 100, and 200 K respectively. Voltage was applied perpendicular to the CNT 
axial direction. 
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Figure 8: Comparison of normalized differential conductance of Ag-1 samples for both 

directions of the applied voltage at 3K. Curve with ♦ is for the parallel direction and use the y- 
scale on the right side of figure, and that with O is for the perpendicular direction and use the y- 
scale on the left. 



Figure 9: Normalized differential conductance of Ag-3 samples for both directions of the 
applied voltage at 10 K. Curve with ▲ is for the parallel direction and use the y-scale on 
the left side of the figure, and that with ■ is for the perpendicular direction and use the y- 
axis on the right. At low voltages, the currents conducted mainly through the MWCNTs. 
At high voltages, the currents preferred to go through the Ag components in the 
composites. 
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Figure 10: Permittivity, loss and loss tangent of horizontally aligned MWCNT samples 
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Figure 11: Permittivity, loss and loss tangent of vertically aligned MWCNT samples 
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Figure 12: S-parameters in horizontal alignment (a) and vertical alignment (b) 
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